Upon intensive investigation during the recent years, severe plastic deformation (SPD) has been commonly accepted as a strong tool for improving mechanical properties of metallic materials. The interest in commercial use of SPD materials with superior properties addresses the issue of scaling up the SPD methods. In this regard, methods that can provide SPD conditions in billets with large dimensions become of prime interest. Twist extrusion (TE) is such a process, whereby large strains are accumulated owing to repeated extrusion through a die that imposes shearing stresses. Despite a few studies of TE in the literature, many features of the process's nature remain unclear or even unknown. In the current article, we have studied an important effect of TE named ''cross flow'' that previously received scarce attention. By performing both experiments and simulations, we elucidated the mechanism of the cross flow as well as how it is affected by material properties and process conditions. Since practical significance of the cross flow became apparent, special attention was paid to the problem of control and reliable prediction of the cross flow. Finally, prospective applications of the investigated effect were suggested. Conclusions of the current study are anticipated to contribute to further research on simulation of other simple-shear-based SPD processes.
I. INTRODUCTION
THERE is growing interest in scaling up severe plastic deformation (SPD) techniques ever since bulk ultrafine grained materials processed by these techniques have been found to possess unique properties. [1] Various SPD processes are now available, including high-pressure torsion, [2] equal channel angular pressing or extrusion, [3, 4] multidirectional forging, [5] accumulative roll-bonding, [6] repetitive corrugation and strengthening, [7] twist extrusion (TE), [8] shear extrusion, [9] and torsion extrusion. [10] All of these methods have their own advantages that attract interest from both academia and industry. Several SPD techniques, such as high-pressure torsion, equal channel angular pressing, twist extrusion (TE), shear extrusion, torsion extrusion, employ simple shear as the main deformation mode. Simple shear was found quite distinct from the other deformation modes in terms of microstructural formation. [11] [12] [13] Along with other popular SPD methods, TE has received considerable attention in the recent years, which is best illustrated by the advent of new SPD techniques inspired by and based on TE. [14] [15] [16] The interest in TE is attributed to a peculiar plastic flow of the material, which can be utilized for microstructural formation at different scales. [17] [18] [19] [20] [21] The principle of TE is to subject a bulk billet to torsion when pressing it through a die having the socalled twist zone ( Figure 1 ). The surface of the twist zone is formed by ''sweeping'' the transverse* profile of the die along a helix line, which results in a ''twist angle'' between the inlet and outlet zones. A wide range of shapes for the transverse profile of the die, and thus the billet, can be used: square, rectangle, polygon, ellipse, etc. [8] The surface of the die channel is such that the transverse profile is the same along the extrusion axis. Therefore, the billet ideally preserves its initial geometry after a TE pass, which allows repeating the process and accumulating large plastic deformation in the billet.
The mechanics of TE were analyzed in an introductory article. [8] It was shown that the material flow during TE can be decomposed into a helical flow and deviations from the helical flow. Herein, the helical flow means ideal die-controlled motion of a virtual transverse section of the billet as a whole. As a result of such ideal helical flow, material points of each virtual transverse section preserve their relative locations in the transverse planes and move together in the extrusion direction. The cross flow is determined as deviations from the helical flow, resulting in planar flow within a virtual transverse section of the billet. In contrast to the ideal helical flow, the cross flow leads to displacement of the material points from their initial locations in transverse planes. Mathematically, this decomposition of the total flow into two components can be represented by the equation: [8] V ¼Ṽ 1 þṼ 2 ; ½1 whereṼ is the total velocity field andṼ 1 ,Ṽ 2 are velocity fields describing the helical flow and the cross flow, respectively. To define the components of the helix velocity field, we introduced a coordinate system xyz, with z axis being the symmetry axis of the die while x and y being parallel to the long and short sides of the transverse section, respectively. The helix velocity field is then defined by the following components [26] :
where b is the slope angle of the twist line, V 0 is the velocity of the billet along the z-axis, and R is the radius of the circle circumscribing the die transverse profile.
The cross flow is an important effect of TE. It was found to be the very reason for nonzero strains deviated from theoretical zero-values at the center of the billet. Furthermore, during multipass TE, the cross flow leads to formation of evident vortex microstructures in transverse planes. [22] Besides, understanding of the cross flow, which has a great effect on overall plastic flow, would provide us with better control on the microstructure formation during TE.
Since the cross flow during TE has seen no detailed investigation, both experimental and theoretical efforts are required on the subject. Metal flow in an SPD process proves challenging to analyze. For instance, simulation of plastic flow during SPD faces the issue of choosing appropriate plasticity models and friction definitions. For isotropic materials under monotonic loading, it is a common practice to accept hardening behavior based on experimental data from uniaxial tension or compression tests as a universal hardening law for any deformation mode. By contrast, many of the SPD processes, including TE, are essentially nonmonotonic. [20, 23] Moreover, at large simple-shear strains typical of SPD, the hardening behavior may significantly differ from the stress-strain data found through standard uniaxial testing. [11, 24] Overall, these circumstances introduce uncertainty in the selection of appropriate metal plasticity models. Friction definition for the contact between the billet and the die is another issue of simulation of TE and other SPD processes that lead to significant and nonmonotonic change of the billet surface. [20] Finally, under conditions of the complex three-dimensional (3D) flow, which is the case for most of the SPD methods, nontrivial experimental techniques are required to confirm the simulation results.
The current article aims at detailed investigation of the mechanisms of the cross flow during TE. For this purpose, an experimental flow-visualization technique and finiteelement method (FEM) were employed. For the numerical part of the study, simulations with various combinations of hardening laws and friction definitions were performed to find those that best describe the experimental data on the cross flow. As a result of the experimental analyses conducted in a close link with the FEM simulations, we found the most critical factors influencing the cross flow. We also suggested that the cross flow cannot be adequately simulated by metal plasticity models that use the von Mises yield criterion. Instead, more appropriate yield criteria accounting for yield stress dependence on the deformation mode should be used. This recommendation is anticipated to contribute to further analyses of metal flow during other SPD methods that utilize simple shear as the main deformation mode.
II. EXPERIMENTAL PROCEDURE
The cross flow was investigated in commercially pure titanium (Ti; Fe <0.25 pct; Si <0.10 pct; O 2 <0.20 pct; C <0.07 pct; N 2 <0.04 pct; H 2 <0.01 pct) processed by TE at a temperature of 623 K (350°C). The extrusion process was performed through dies of two types of transverse profiles: ''round with flats'' (die A), and ''rectangle with fillets'' (die B) as shown in Figure 2 . It is important to note here that dies A and B differ not only in the transverse shape, but also in dimensions of the twist zone: die A has a smaller height, larger twist angle, and smaller cross-sectional area as compared with die B (Figure 2) . A back pressure of 300 MPa was applied so that billets filled the die during TE and nearly maintained their initial shape. A glass based on zinc and lead oxides was used as a lubricant. ''Dummy'' blocks for load transfer from the rams to the billet were made of fine-dispersed graphite.
The metal flow during TE was analyzed by a marker insert technique. For this purpose, nine copper fibers of a diameter of 2.3 mm were embedded into titanium billets before the extrusion process and were used as markers. The markers were inserted into the front side of the billet to a depth of 35 mm (Figure 3) , which was assessed sufficient such that the markers would experience the steady-state extrusion. Metallurgical sectioning was used to track marker locations. By performing two experiments for each die shape, marker coordinates with an accuracy of 0.1 mm were obtained. The obtained coordinates of the marker locations allowed for quantitative assessment of the cross flow by measuring distances between the actual (or computed) marker locations and the ideal locations that would be gained as a result of the mere helical flow (i.e., without cross flow).
Hardening behavior of the titanium was determined by two methods. First, uniaxial compression tests were performed at 623 K (350°C) using an Instron testing machine. Specimens had cylindrical shapes with a diameter of 10 mm and a height of 15 mm. The flat sides of the specimens were covered by a graphite-based lubricant. Temperature was measured with a K-type thermocouple welded directly to the specimen. The results of five tests conducted at an initial strain-rate of 7 9 10 À2 s À1 were averaged and plotted as a single curve ( Figure 4 ).
Since standard uniaxial compression does not allow obtaining hardening behavior at large strains without special techniques, another method was used for this purpose. The second method was based on measuring flow stress of the titanium after pre-straining through TE. In this method, the hardening behavior is found by testing specimens pre-strained to various strain levels under deformation modes which differ from the standard uniaxial tests. An example of the method in usage was described in Hill's classical text, [25] where hardening data were obtained from uniaxial compression of specimens pre-strained in torsion. The stress-strain curve is plotted based on experimental points of flow stress vs strain of the pre-straining. Flow stress values are in turn measured during the subsequent uniaxial loading up to strains of 5-10 pct, which allows preventing an influence of the abrupt change of the deformation mode. The hardening behavior obtained in this manner is then compared with the hardening data measured in the uniaxial compression. Two datasets provided by these methods are expected to be nearly the same if the hardening behavior does not depend on the deformation mode.
In this study, for obtaining the hardening behavior in a wide range of strains by the second method, wherein compression specimens were extracted after one, two, and three TE passes from the billet regions shown in Figure 5 . In these regions, von Mises equivalent strains were assessed as equal to 0.8 per TE pass as indicated by iso-lines ( Figure 5 ) obtained through a coupled experimental-numerical method. [26] As a result, specimens for uniaxial compression tests were pre-strained by one, two, and three TE passes up to von Mises equivalent strains of 0.8, 1.6, and 2.4, respectively. These specimens were uniaxially compressed to a strain of 10 pct, at which flow, stress data were recorded. Four specimens corresponding to each of the three pre-strained conditions (1-3 TE passes) were tested in this manner. Averaged values were plotted to form a single curve (solid line in Figure 4 ). It is evident that these data significantly differ from those obtained through the standard uniaxial compression. This difference is further discussed in Section IV.
Fitting both experimental datasets using functions of the Hollomon type gave the following hardening laws:
for the standard uniaxial compression; and
for the compression of pre-strained specimens through TE. In both equations, r and e are true stress and von Mises strain, respectively. These equations were used in FEM simulations of TE as input data.
III. FINITE ELEMENT ANALYSIS PROCEDURE
3D FEM simulations of TE were conducted with the aid of Deform-3D software. Geometries in the FEM models were identical to the experimental set-ups for TE with dimensions as shown in Figure 2 . Speed of the main ram was set to 3 mm/s; a ram with applied force played the role of a back pressure. The die and the rams were defined as rigid bodies, whereas the billet was represented by 50,000 tetrahedral deformable elements. Adaptive meshing was used to accommodate large strains during the simulations. Titanium inelastic behavior was defined by a metal plasticity model using the von Mises yield criterion and isotropic hardening laws described by Eqs. [2] and [3] . Frictional shear stress s f was determined by the Siebel friction law [27] :
where m is the friction coefficient, and r is the flow stress of the material. The FEM simulations were performed for different values of the friction coefficient m, which was varied from 0.0 to 0.3 both inclusive. The upper bound of this range was chosen that large because of severe friction conditions during TE of titanium, which occur despite using special lubricants (see Section II). Flaws on the billet surface shown in Figure 6 are an evidence of such severe friction conditions, which are typical of titanium and related to its inclination to sticking to the instrument surface even in the presence of lubricants. [28] IV. RESULTS AND DISCUSSION As pointed out above, the cross flow is related to deviations from the ideal helical flow; thus the cross flow was quantitatively assessed by measuring distances from experimental (or computed) marker locations to the ideal ones predicted by the helical velocity fieldṼ 1 . To find experimental distances of the deviations, we recorded marker coordinates in photographs of the transverse sections of initial and deformed billets ( Figure 7 ). The coordinates obtained in the series of FEM simulations with two hardening laws and two friction coefficients were tracked likewise. All experimental and computed coordinates of initial (x, y) and deformed (x¢, y¢) markers are listed in Table I . [26] Fig. 6 -A photograph of a titanium billet after one TE pass. The flaws on the surface illustrate severe friction conditions during TE in spite of using special lubricants. Both experimental and numerical results of marker tracking suggest that TE through the die A leads to a larger magnitude of the cross flow because, in this case, the markers are displaced to a larger distance from the ideal locations (compare distances from the ideal locations in Figures 8 and 9 ). As noted in the previous section, dies A and B differ in the shape of the transverse die profile (round with flats vs rectangle with fillets) and in dimensions of the twist zone (height, angle, and crosssectional area). It was therefore important to determine which factor, the shape or dimensions, is more important for the cross flow. Performing additional FEM simulations allowed us to conclude that the die dimensions have a major effect on the cross flow, whereas the influence of the die profile shape, be it die A or B, is negligible. These results indicate that increasing the twist angle and reducing the height of the twist zone lead to larger magnitudes of the cross flow.
All performed FEM simulations gave overestimated magnitudes of the cross flow, i.e., computed deviations from the helical flow were larger than the experimental ones (compare the distances between numerical and ideal locations with those between experimental and ideal locations in Figures 8 and 9 ). The numerical errors are much higher in the case of the die A, which is quantitatively shown by comparing average distances H between the centers of the experimental and corresponding computed marker locations (Figure 10) . The average distance H characterizing numerical errors was calculated using the equation
where (X i exp , Y i exp ) and (X i num , Y i num ) are the experimental and computed coordinates of the ith marker; i varies from 1 to 9.
Computed marker locations hardly depended on the hardening behavior as shown by comparison of simulation results with different hardening laws (Eqs. [2] and [3] ). At the same time, simulations with various friction coefficient values demonstrated that the marker locations are quite sensitive to the friction coefficient used in the model. The best agreement with the experimental results is achieved at the minimum value of the friction coefficient, that is, at m = 0. It is quite surprising that the best agreement with the experimental results was gained at the friction coefficient m = 0 when m > 0.1 appears more reasonable because the real friction conditions were severe as discussed in Section III. To find out the reasons for the unexpected simulation results, we applied the principle of power of dissipation minimization. [29] In TE two extreme cases of the plastic flow are kinematically acceptable. The first is described by the helical velocity field and the second is a flow in the extrusion direction with overcoming ledges of the twist surface as obstacles. In the first case, plastic strain occurs only at the entry and the exit of the twist zone. [23] In the twist zone itself, the billet moves as a rigid body like a screw in a nut, merely experiencing friction with the die surface. In the second case, plastic strain takes place throughout the whole die, and material points move along the shortest possible paths on the contact surface. As a result, work of friction is less than that in the first case of the helical flow.
The actual flow compromises these two kinematically acceptable fields. Therefore, the total velocity fieldṼ can be considered as a weighted sum of the terms describing each velocity field:
whereṼ 1 is the helical velocity field (the first term in Eq. [1] ) andṼ 3 is the velocity field describing the flow in the extrusion direction with overcoming ledges of the twist surface as obstacles; k is a weight coefficient ranging from 0 to 1. At the extreme values of the weight range, that is, 0 and 1, the velocity fieldṼ becomes either V 1 orṼ 3 , respectively. Equations [1] and [6] readily give an expression for the velocity field of the cross flowṼ 2 ,
It is seen that the cross flow is linearly proportional to the weight coefficient k. Therefore, the physical meaning of the coefficient k is that it characterizes intensity of the cross flow and its contribution to the total flow. Value of the coefficient k can be found from the requirement of the minimal virtual dissipative work-rate W according to the variational principle of the plasticity theory [29] 
where the first term is integrated over the volume of deformation domain X (the volume between the planes Note that most numerical deviations are greater than the experimental ones, giving numerical errors, which were quantitatively analyzed using Eq. [5] . Simulation conditions (1-4) are listed in Table II . Table II. of the entry and the exit of the twist zone of the die [8] ), the second integral is over the area of the surface of velocity discontinuity S D at the boundaries of the deformation domain, and the third term is integrated over the contact surface area S f ( Figure 11) ; _ e is von Mises strain-rate, s ¼ r= ffiffi ffi 3 p , V s is the absolute value of the velocity of the metal flow along the surface of the die channel,Ṽ h i is the absolute value of the velocity discontinuity, defined asṼ h i ¼Ṽ a ÀṼ b withṼ b and V a being the velocity vectors before and after the plane of the velocity discontinuity as shown in Figure 11 (herein square brackets denote discontinuity of a velocity field in question). . The velocity discontinuityṼ h i can be found from the fact that the only velocity field experiencing a discontinuity at the entry and the exit of the twist zone is the cross flow velocity fieldṼ 1 :
withṼ 1 h i being the discontinuity of the cross flow velocity fields at the entry and the exit planes of the twist zone of the die.
In the deformation domain, all components of the strain-rate tensor for the helical field are identically zero. Therefore, von Mises equivalent strain-rate _ e is
where _ e 3 is von Mises equivalent strain rate of the strainrate tensor that corresponds to the velocity fieldṼ 3 :
Considering Eqs. [9] and [10] , we rewrite Eq. [8] as
Graphs of the dissipative work-rate W and its components as functions of the weight coefficient k, according to Eq. [11] , are illustrated in Figure 12 . Curve labeled ''3'' in Figure 12 shows how work of friction, the third term in Eq. [11] , decreases on the coefficient k. It should be noted that the work of friction also depends on the friction coefficient m: the corresponding curve lifts as the friction coefficient increases.
The solid line in Figure 12 demonstrates that the dissipative work-rate W has a minimum at some critical value k* of the weight coefficient k. The presence of a minimum in the range [0,1] is attributed to the cross flow being observed experimentally and in FEM simulations. However, the problem is that the magnitudes of the cross flow computed by FEM is much larger than the experimental ones (Figures 8 and 9 ) when we use high friction-coefficient values, which are closer to the actual friction conditions. With regard to Figure 12 , overestimated FEM magnitudes mean that we have k Table II . Fig. 11 -Schematic illustration for Eq. [8] that shows the volume of deformation domain X, the area of the surface of velocity discontinuity S D at the boundaries of the deformation domain, the contact surface area S f , and velocity vectors beforeṼ b and afterṼ a the plane of the velocity discontinuity. mental values of the weight coefficient k. Figure 12 illustrates that decreasing the friction coefficient m (or, descending the curve ''3'') moves the minimum of the dissipative work-rate to the left, i.e., decreases k*. As a result, it is possible to bring the computed critical value k Ã FEM closer to the experimental value k Ã exp by decreasing the friction coefficient in FEM. The smallest computed value k Ã FEM ; and, hence, the closest to the experimental value, can be obtained at the minimal value of the friction coefficient, m = 0. However, it was evident that the friction was quite severe during TE of titanium so that the frictionless condition cannot be used for accurate simulations. Moreover, even at the friction coefficient m = 0, simulations overestimated magnitudes of the cross flow. Therefore, another way of tuning the model through decreasing the calculated value k Ã FEM is needed. As shown above, using different hardening laws hardly affects the computed value k Ã FEM so that the magnitude of the cross flow obtained by FEM simulations is still overestimated. What should be used for correcting the model then?
We suggest that the most natural way of tuning the model is to use yield criteria more appropriate than the simplest von Mises yield criterion. The cross flow described by the velocity fieldṼ 1 is attributed to simple shear, [20] whereas the velocity fieldṼ 3 corresponds to tension and compression. Previously, it was shown experimentally that, under simple shear, the stress needed for yielding is lower than the yield strength under tension and compression. [30] The same can be implicitly seen in the difference between the stress-strain relations determined by the two methods used in the current study (Figure 4) . Probable reason for such a behavior is saturation of the flow stress on increasing the equivalent strain under simple shear discussed in the literature. [11, 24, 31] Considering lower yield strength under simple shear leads to a lower magnitude of the dissipation power described by the second term in Eq. [11] , i.e., to a lowered curve ''2'' in Figure 12 . As a result, the computed value of the weight coefficient k Ã FEM shifts to the smaller values. Therefore, valid simulation of the cross flow requires yield criteria accounting for the influence of the deformation mode on the yield strength. As for simulations with the friction coefficient m = 0, they can be viewed as an artificial way that provides a ''better'' yet numeric agreement with the experimental results.
The validity of FEM simulations of forming processes is best characterized by comparing numerical results with actual properties of the deformed material. At the same time, such quantity as the distance H between computed and experimental locations of the markers is not an immediate material property. Therefore, values of the distance H are only important when the precise analysis of the cross flow itself is required. For practical purposes, by contrast, it is frequently needed to roughly estimate the plastic deformation at the billet center caused by the cross flow. Table III displays computed values of von Mises strains at the billet center after one TE pass. It is evident that the computed strains at m = 0 are nearly independent of the hardening behavior of the material. Also, for the die A, these computed strain values are in a satisfactory agreement with the values obtained through the coupled experimentalnumerical method, results of which are shown in Figure 5 . Altogether it means that, for practical purposes, the cross flow and material properties can be estimated by FEM simulations with a combination of friction coefficient m = 0 and a hardening law based on the experimental data from the standard tests.
V. MAIN EFFECTS RELATED TO THE CROSS FLOW AND THEIR PROSPECTIVE APPLICATIONS
As mentioned above, the cross flow during TE provides nonzero strains in the vicinity of the billet center. These strains at the central region are essential for formation of uniform ultrafine-grained microstructures [20] as otherwise microstructures and properties in the center and edges differ significantly. It is also important to note that the cross flow leads to in-plane motion of material points of the billet as such motion is useful for formation of particular structures as shown below.
Under the premise that transverse planes of the billet maintain their planar shape during TE, one TE pass can be considered as a geometrical transformation that maps positions of the material points in a transverse section before TE to its position after TE. The transformation can be represented in a form of the following equations:
where functions f(x,y) and g(x,y) are found by experiments or simulations. An example of such mapping is shown in Figure 13 , which illustrates a point set in a transverse section before TE (Figure 13(a) ) and the same set after one TE pass ( Figure 13(b) ) through the die A. This mapping was built by interpolating the experimental results shown in Table I . The mapping described by Eq. [12] allows tracking of each material point during TE passes. For example, if we select a marker, initial position of which is defined by the relations
with z being the coordinate along the extrusion axis, the mapping of this marker after one TE pass is described by the equations:
With the aid of these equations, it is also possible to solve the inverse problem that is to find an arrangement and shape of the initial markers when the final arrangement and shape are known.
Such mapping plots suggest that embedded fibers initially inclined with respect to the extrusion axis can form a helical shape after multipass TE. In this case, the orientation of the helical fibers is defined by the die geometry. The ability to form helical fibers during TE provides the opportunity of producing materials with a chiral structure. [32] Then, solid-state TE of polymers appears to be an attractive application of the cross flow as a tool for chiral structure formation. [33] Multiple use of the transformation described in Eq. [12] predicts formation of transverse vortex structures of a lamellar type (Figure 14) . According to Ottino, [34] such a process of vortex-structure formation leads to significant mixing of the material, which can be further intensified by rotating the billet 180 deg about its axis after every 5-7 passes because the vortex will periodically change its orientation in this case. Moreover, during TE, the surface material periodically enters the inner layers of the billet while some inner material reaches the surface. As a result of these going-in and coming-out material motions, multipass TE provides prerequisites for mechanical alloying. [35] Owing to the mixing effect, performing TE in surface-active media will allow material modification near the surface obtaining new structures and properties (e.g., surface hardening, cementation, etc.).
VI. CONCLUSIONS
The current investigation allowed us to draw the following conclusions.
The cross flow is an important effect of TE that occurs because of deviations from the ideal die-controlled flow (helical flow).
1. The cross flow can be controlled by varying parameters of the TE process as shown by experiments and simulations. Particularly, using TE dies with higher twist angles and smaller heights of the twist zone increases magnitudes of the cross flow. Simulations demonstrated that the cross flow can be also intensified by increasing the friction coefficient between the die and the billet. Fig. 14-Vortex structure in the billet transverse section: (a) the point set from Fig. 13 (a) after seven transformations described by Eq. [12] ; and (b) vortex trace in the transverse section of an aluminum billet after 4 TE passes. [22] 2. Hardening behavior of titanium was determined by two experimental methods: standard uniaxial compression and uniaxial compression of specimens pre-strained through TE. FEM simulations performed with both hardening laws demonstrated that the cross flow during TE negligibly depends on the hardening behavior of the material as long as the von Mises yield criterion is used for simulations. 3. For adequate simulation and prediction of the cross flow, it is suggested that we use metal plasticity models with more adequate yield criteria that account for the influence of the deformation mode on the yield strength. Simulations at the friction coefficient m = 0 can be viewed as an artificial way that provides acceptable agreement with the experimental results. 4. For practical purposes, the cross flow and material properties can be sufficiently estimated by FEM simulations with the frictionless condition and the hardening law obtained from standard uniaxial tests. 5. In multipass TE, the cross flow leads to intensive mixing of the material. This mixing effect can be attempted to be utilized for modification of the near-surface material if TE is performed in surfaceactive media.
The current study is anticipated to aid further experimental and numerical analyses of metal flow during other SPD processes that employ simple shear as the main deformation mode.
